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Introduction 25
Secretory proteins of eukaryotic cells are N-glycosylated in the endoplasmic reticulum 26 (ER) . N-Glycosylation is initiated with the transfer of the precursor glycan, 27 Glc3Man9GlcNAc2 (G3M9), to an Asn residue in the motif Asn-Xaa-Ser/Thr of nascent 28 polypeptides. Mannoses in G3M9 are organized in a 3′-trimannosyl branch (arm A) and a 6′-29 petamannosyl branch (composed of arms B and C), with the former type capped by three 30 glucose residues. While still in ER, terminal glucoses in arm A and mannose in arm B are 31 removed by glycosidases. The removal of glucose residues is catalyzed by glucosidases I and 32 II (GI and GII, respectively), and the removal of the mannose residue is catalyzed by ER 33 mannosidase. GI specifically trims the outermost α-(1→2)-linked glucose residue of G3M9 34 to produce Glc2Man9GlcNAc2 (G2M9). Subsequently, GII removes a further two α-(1→3)-35 linked glucose residues in succession: cleavage-1, conversion from G2M9 to 36 Production and purification of SpGIIα. E. coli BL21-CodonPlus (DE3)-RIL cells were 126 transformed by pET23d-gls2. Transformants were selected on an LB agar plate (5 g/L NaCl, 127 10 g/L bacto tryptone, 5 g/L bacto yeast extract and 15 g/L agar), supplemented with 50 mg/L 128 ampicillin and 30 mg/L chloramphenicol. A transformant was grown in 40 mL of LB liquid 129 medium with 50 mg/L ampicillin and 30 mg/L chloramphenicol at 30°C overnight. The 130 resultant 30 mL of overnight LB-culture was inoculated into TB medium (3 L; 12 g/L bacto 131 tryptone, 24 g/L bacto yeast extract, 0.4% (v/v) glycerol, 170 mM KH2PO4 and 720 mM 132 K2HPO4) supplemented with 50 mg/L ampicillin and cell culturing was continued at 37°C. 133 When the OD600 reached 0.7, the culture broth was cooled on ice for 30 min. Induction of the 134 culture was achieved at 12°C for 48 h without the addition of isopropyl β-135 thiogalactopyranoside (IPTG). Bacterial cells, harvested by centrifugation (11,600 × g, 4°C, 136 10 min), were suspended in 150 mL of 20 mM sodium phosphate buffer (pH 7.5) containing 137 10% (v/v) glycerol (buffer-A) and disrupted by sonication. The cell-free extract, obtained by 138 centrifugation (9,600 × g, 4°C, 10 min), was applied to a Co-chelating Sepharose Fast Flow 139 column (1.5 cm I.D. × 4 cm, GE Healthcare, Buckinghamshire, United Kingdom) equilibrated 140 with buffer-A containing 0.5 M NaCl (buffer-B). After thorough washing with buffer-B and 141 10 mM imidazole-containing buffer-B in this order, the adsorbed protein was eluted with a 142 linear gradient of imidazole from 10 to 200 mM in buffer-B. The active fractions were loaded 143 on to a Bio-Gel P6 fine column (3 cm I.D. × 28 cm, Bio-Rad, Richmond, CA) equilibrated 144 with buffer-A. The desalted sample was then loaded onto a DEAE-Sepharose Fast Flow 145 column (2.6 cm I.D. × 8.5 cm, GE Healthcare) equilibrated with buffer-A. After washing with 146 buffer-A, the adsorbed protein was eluted with a linear gradient of NaCl from 0 to 1.0 M in 147 buffer-A. The active fractions, desalted by the aforementioned procedure using Bio-Gel P6, coefficient of 1 mg/mL purified SpGIIα at 280 nm was 2.27. 155
156
Production and purification of ScGI. Transformation of P. pastoris GS115 was performed 157 as described by Lin-Cereghino et al. 19) pPICZαA-CWH41A was linearized with SacI and 158 introduced into P. pastoris cells by electroporation. Transformants were selected on YPDSZ 159 agar plates (10 g/L bacto yeast extract, 20 g/L bacto peptone, 2 g/L glucose, 1 M sorbitol, 100 160 mg/L Zeocin and 15 g/L agar). The selected transformant was grown in BMGY medium [3L; 161 10 g/L bacto yeast extract, 20 g/L bacto peptone, 3.4 g/L yeast nitrogen base without amino 162 acids and ammonium sulfate, 10 g/L ammonium sulfate, 0.1 M potassium phosphate buffer 163 (pH 6.0), 10 g/L glycerol and 0.4 mg/L biotin] at 30°C overnight. The cells collected by 164 centrifugation at 4°C for 10 min (3,000 × g) were resuspended in 500 mL of BMMY medium 165 that contains 1% (v/v) methanol instead of the glycerol of BMGY and incubated at 22°C for 166 96 h under vigorous shaking. One hundredth of the culture volume of methanol was added 167 every 24 h. The supernatant was removed by centrifugation (11,600 × g, 4°C, 10 min) and its 168 pH was adjusted to 7.5 by addition of 1 M NaOH with stirring. Debris were removed by 169 centrifugation (11,600 × g, 4°C, 10 min) and the recovered supernatant was loaded onto a Ni-170 chelating Sepharose Fast Flow column (1.5 cm I.D. × 5 cm) equilibrated with 50 mM sodium 171 phosphate buffer (pH 7.5) containing 0.5 M NaCl (buffer-C). After washing with buffer-C increase of p-nitrophenol during hydrolysis of pNPG. A reaction mixture (50 μL) consisting 180 of an appropriate concentration of SpGIIα, 2 mM pNPG, 40 mM MES-NaOH buffer (pH 6.5), 181 2% (v/v) glycerol and 0.2 mg/mL bovine serum albumin (BSA) was incubated at 30°C for 10 182 min. The reaction was stopped by mixing with two volumes of 1 M sodium carbonate. The 183 amount of p-nitrophenol released was measured by absorption at 400 nm in a 1-cm cuvette, 184 using a molar extinction coefficient of 5,560 M −1 cm −1 . One unit of SpGIIα activity was 185 defined as the amount of enzyme that produced 1 μmol p-nitrophenol per min under these 186 conditions. 187
188
Optimum pH and stability to pH and heat. The optimum pH of the catalytic reaction was 189 determined by measuring the hydrolytic rate at various pH values. The SpGIIα concentration 190 and buffer used were 8.2 μg/mL and 80 mM Britton-Robinson buffer (pH 2.7-11.5), 191 respectively. The other reaction conditions were the same as those of the standard assay 192 method. For measurement of pH stability, SpGIIα (82 μg/mL) was incubated in 10-fold-193 diluted Britton-Robinson buffer (pH 3.3 to 10.5) containing 0.1% BSA and 10% (v/v) 194 glycerol at 4°C for 24 h, followed by measurement of the residual activity under the standard 195 assay conditions. The stable region was defined as the pH range exhibiting residual activity 196 of > 90%. For measurement of thermal stability, SpGIIα (2.7 μg/mL) in 67 mM MES-NaOH 197 buffer (pH 6.5) containing 0.1% BSA and 10% (v/v) glycerol was kept at 26 to 55°C for 15 198 min, followed by measurement of their residual activities under the standard assay conditions. 10 The stable region was defined as the temperature range exhibiting residual activity of > 90%. Figure 2 shows the effects of various additives on the stability of SpGIIα. The residual 280 activity of SpGIIα without any additive decreased to < 40% of the initial activity after 2 d 281 ( Fig. 2A ), and to < 1% after 23 d (Figs. 2B, C). Inhibitory effect was observed when the 282 protein was incubated with NaCl, CaCl2 and Triton X-100 ( Fig. 2A) . In particular, addition 283 of CaCl2 and Triton X-100 induced substantially activity loss. Both glycerol and EDTA as 284 additives improved the stability of recombinant SpGIIα (Figs. 2B, C) . It is hard to understand 285 how EDTA contributes to the stability of SpGIIα. It is anticipated that EDTA removes 286 contaminating divalent ions such as the calcium ion, which adversely affects the SpGIIα 287 stability. The addition of ≥ 10% (v/v) glycerol was more effective in stabilizing SpGIIα than 288 EDTA, with the enzyme maintaining > 90% activity after 92 d (Fig. 2C) . Glycerol is known 289 to induce protein compaction, reduce protein flexibility, stabilize specific partially unfolded 290 intermediates and affect protein aggregation, 22) resulting in its wide use as a protein stabilizer. 291 Based on the effect of glycerol on protein stability, Vangenende et al. proposed that glycerol 292 prevents protein aggregation thorough preferential interaction with hydrophobic surface 293 regions. 22) In nature, GIIβ forms a heterodimer with GIIα. Thus, glycerol was anticipated to 294 affect the exposed dimer interface of GIIβ lacking the GIIα subunit, because generally an 295 oligomer interface is hydrophobic. However, the three-dimensional structure of murine GIIα 296 complexed with an N-terminal portion of GIIβ showed that the interface area is not that 297 hydrophobic, 8) suggesting less hydrophobicity of the equivalent regions of SpGIIα. Therefore, 298 it is possible that SpGIIα has other surface exposed hydrophobic regions where glycerol 299 14 interacts to prevent instability of the protein. Nonetheless, stabilization conditions found in 300 this study allow us to perform purification and characterization of SpGIIα. 301 The effects of various salts on the activity were investigated by measuring the initial 302 hydrolytic velocity on maltose using 2% (v/v) glycerol. NaCl, NaH2PO4, Na2SO4, NaNO3, 303 KCl, MgCl2, or EDTA·2Na with concentrations up to 40 mM did not affect activity, while the 304 addition of 40 mM CaCl2 decreased to 63% of the original initial velocity. The calcium ion 305 should be harmful to both activity and stability of SpGIIα. As shown in Fig. 2A , 50 mM CaCl2 306 causes its inactivation within 2 d, which shows a negative effect of this salt on its stability. 307 The effects of pH and temperature on the activity were examined in the presence of 10% 308
(v/v) glycerol. The pH optimum was 6.5 and SpGIIα was stable between pH 6.2 and 9.1. 309 SpGIIα was thermally stable to 40°C with complete inactivation observed at 55°C (15 min 310 treatment). In the absence of glycerol, this thermal stability was reduced to < 30% of the 311 initial activity observed when incubated in the presence of glycerol for 15 min at 40°C. 312 313
Substrate specificity of SpGIIα: substrates for GH31 α-glucosidase 314
Substrate specificity of GIIα is of interest, because this protein has a common ancestor 315 with GH31 α-glucosidases, which can hydrolyze α-(1→2)-, α-(1→3)-, α-(1→4)-and α-316 (1→6)-glucosidic linkages. 23-27) By primarily exhibiting specificity to α-(1→4)-glucosidic 317 linkage, GH31 α-glucosidases are mostly linked with metabolic pathways of starch and 318 maltooligosaccharides degradation. 28) While GIIα plays a different role in biological 319 processes when compared with that of GH31 α-glucosidases, both enzymes might display 320 similar substrate specificities, because catalytic function of a protein is generally conserved 321 during molecular evolution. Substrate specificity of SpGIIα towards common substrates of α-322 glucosidases was evaluated by determining kinetic parameters (Table 1) for maltose than that for malto-triose, -tetraose and -pentaose (Table 1) GIIα without the GIIβ is able to hydrolyze much smaller substrates, such as pNPG, but 360 not able to deglucosylate G2M9 and G1M9. These distinct results are also reported as follows. 361 1 h, is degraded to G1M9-PA and M9-PA at 12 h. These results indicate that the purified 375 SpGIIα catalyzes the trimming of glucose residues from G2M9-PA and G1M9-PA without the 376 assistance of GIIβ. Although the purified SpGIIα certainly catalyzes cleavage-1 and -2, their 377 reaction rates are not high (Figs. 3A, 3D) . According to the result of Watanabe et al., 37) 50% 378 conversion of 25 μM G1M9 to M9 requires 45 min by a membrane fraction containing GII, 379 even though the accurate concentration of GII was unknown. The present study provides a 380 more quantitative analysis in which 9.6 nM SpGIIα (1.0 μg/mL SpGIIα) and a 12-h reaction 381 yield approximately 50% conversion of 0.4 μM G1M9 (Fig. 3A) . The low hydrolysis of G1M9 382 and G2M9 by SpGIIα is probably because of insufficient binding energy for efficiently 383 hydrolyzing these natural substrates, because SpGIIα can only hold the small terminal moiety 384 of the comparatively large structure of G1M9 or G2M9. The active-site pocket of GIIαs has 385 the gourd-shaped bilocular pocket, which can accommodate only disaccharides, 7, 8) 
